In 2012, there were 239 000 new cases of epithelial ovarian cancer (EOC) worldwide and it is the eighth leading cause of death from cancer in women ([@bib24]). The five-year survival rate at around 40--44% has improved only modestly for ovarian cancer over the last three decades ([@bib52]). Continued poor survival derives from the late stage of disease diagnosis and intrinsic and acquired resistance to current cytotoxic and targeted therapies ([@bib56]; [@bib15]). Of the four major histological EOC subtypes, the most common is high-grade serous carcinoma (HGSC), representing approximately 70% of cases ([@bib43]). Historically, HGSC has been thought to originate from the surface epithelium of the ovary; however, recent human data and findings from mouse models suggest that the fallopian tube is a common, and potentially predominant, site from which HGSC originates ([@bib34]; [@bib47]; [@bib51]; [@bib29]).

CUB domain containing protein 1 (CDCP1) is a membrane spanning cellular receptor that is produced as a heavily glycosylated 135-kDa form that can be proteolytically cleaved to 70 kDa in cell lines and tissues ([@bib32]; [@bib58]; [@bib1]). Elevated expression of CDCP1 correlates with poor outcome in renal ([@bib6]; [@bib22]), lung ([@bib33]), colorectal ([@bib28]), pancreatic ([@bib45]) and clear cell ovarian ([@bib31]) cancer. Data from pre-clinical models suggest that it may have use as a therapeutic target for cancer treatment ([@bib27]; [@bib49]; [@bib13]; [@bib22]; [@bib31]). For example, a cytotoxin-conjugated chimaeric mouse anti-CDCP1 antibody was effective at reducing subcutaneous tumour growth and lymph-node dissemination of prostate cancer PC3 cells ([@bib54]). In addition, mouse monoclonal ([@bib17]) and human antibody single chain variable fragment ([@bib27]) anti-CDCP1 antibodies caused marked a reduction in dissemination of a highly metastatic variant of PC-3 cells in chicken embryo models of metastasis. Mouse monoclonal anti-CDCP1 antibodies also markedly reduced metastasis of these cells implanted orthotopically in mice ([@bib14]). Another mouse monoclonal anti-CDCP1 antibody reduced tumour growth and improved survival of mice carrying subcutaneous breast cancer cell line xenografts ([@bib38]). Furthermore, we have previously demonstrated that antibody-mediated blockade of CDCP1 significantly increased sensitivity of an ovarian clear cell carcinoma cell line xenograft in mice to carboplatin ([@bib31]).

The potential importance of CDCP1 in EOC is suggested by data demonstrating significant elevation in both mRNA ([@bib22]) and protein ([@bib31]) expression in ovarian carcinomas compared with normal ovary and benign ovarian tumours ([@bib1]). This is supported by recent *in vitro* data, which indicated that inhibition of CDCP1 may have potential for controlling HGSC that is regulated by epidermal growth factor (EGF)/EGF receptor (EGFR) signalling, a pathway that is activated in a high proportion of EOCs ([@bib20]; [@bib1]). In this study, EGF/EGFR signalling caused CDCP1 re-localisation from cell--cell junctions to filopodia in the HGSC cell lines Caov3 and OVCA420 ([@bib20]). Epidermal growth factor also inhibited palmitoylation and degradation of CDCP1, promoting recycling of the internalised protein to the cell surface ([@bib1]). Disruption of CDCP1 in these cell lines, via short-hairpin RNA (shRNA)-mediated silencing and a function blocking antibody, was effective at reducing EGF-induced cell motility, demonstrating the importance of increased levels of CDCP1 on the cell surface to a process that is important in progression of EOC ([@bib20]).

The aim of this study was to further assess the functional importance of CDCP1 as a putative therapeutic target in HGSC. We examined CDCP1 expression in 292 HGSC tumours, 7 HGSCs within the fallopian tubes from women with HGSC of the ovary, 4 non-diseased fallopian tubes from women with HGSC and normal fallopian tubes from 8 non-cancer patients, demonstrating that 77% of malignant HGSC cases express this protein. Using shRNA-mediated silencing, we confirmed that CDCP1 has an important role in migration of HGSC cells *in vitro*, and also demonstrated that it promotes tumour growth in a mouse model. Finally, we showed for the first time the effectiveness of antibody-mediated functional inhibition of CDCP1 at reducing growth of a patient-derived xenograft (PDX) mouse model. These data suggest that CDCP1 has an important and targetable role in HGSC.

Materials and methods
=====================

Patient samples and immunohistochemistry
----------------------------------------

Research involving human subjects was approved by the Mater Health Services Human Research Ethics Committee. Informed consent was obtained from all patients. A tissue microarray (TMA) containing duplicate cores from 212 HGSC cases was obtained from the Cheryl Brown Ovarian Cancer Outcomes Unit, University of British Columbia, Vancouver, Canada ([@bib16]). For these cases, tumour stage was available as well as data allowing calculation of disease-free and overall survival. Also, for 104 cases the site of recurrence was available (local, lymphatic local/distant, pelvic/abdominal and extra-abdominal). None of the patients received neoadjuvant chemotherapy, and all except seven received adjuvant platinum-based chemotherapy. A second TMA containing duplicate cores was generated from archival samples of 96 HGSC cases from the Mater Hospital, South Brisbane, Australia, using previously described approaches ([@bib39]; [@bib5]). For this TMA tumour stage was available as well as de-identified patient information, from the Queensland Centre for Gynaecological Cancer database ([@bib46]), that allowed calculation of disease-free and overall survival. In total, these two TMAs contained 308 cases of which 292 were evaluable for CDCP1 expression with cores of the remaining 16 cases lost during processing. Data from these 292 cases were used for Kaplan--Meier survival analysis and examination for correlations with stage, and, for 104 cases, site of recurrence. Independent TMAs containing cores from 180 HGSC cases, with known *TP53* gene mutation status for 30 cases, were obtained from the Gynaecological Oncology Biobank at Westmead, Sydney, Australia ([@bib2]; [@bib23]). Another TMA, generated from archival specimens from the Mater Hospital, contained normal fallopian tube (*n*=8) and non-diseased fallopian tube from women with HGSC (*n*=4). In addition, from the Mater Hospital archive we obtained full face sections of HGSC within fallopian tube from women with synchronous ovarian HGSC (*n*=7), with evidence supporting that these are primary fallopian tube carcinomas ([@bib53]). Immunohistochemistry was performed using the Ventana Benchmark Ultra Automated Staining System (Ventana Medical Systems, Tucson, AZ, USA) using rabbit anti-CDCP1 carboxyl terminal antibody \#4115 (1 : 50; Cell Signaling Technology, Genesearch, Arundel, QLD, Australia) as previously described ([@bib31]). The 96 case TMA was also stained for p53 using antibody DO-7 (Sigma-Aldrich, Castle Hill, NSW, Australia) as previously described ([@bib36]). Scoring of staining into negative, weak, medium and strong, and acquisition of images were performed as previously described ([@bib5]; [@bib31]). On the basis of p53 staining, the *TP53* mutation status was inferred for cases on the 96 case TMA as null, missense or wild type, using a previously described protocol ([@bib59]). Thus, in combination with the Westmead TMAs, *TP53* mutation status was available for 126 cases. For statistical analysis of immunohistochemical staining, CDCP1 expression was separated into negative (none) and positive (weak, medium and strong). Disease-free and overall survival analyses (*n*=292) were performed using the Kaplan--Meier function, and CDCP1-negative and -positive groups compared using the log-rank test (Mantel-Cox). For correlative analyses of immunohistochemical data *vs* stage (*n*=292), site of recurrence (*n*=104), *TP53* mutation status (*n*=126) and CDCP1-negative and -positive groups were compared using Chi-Square analysis unless contingency table cell values were less than five, when Fisher\'s exact test was used with the Stata statistical software (StataCorp LP, Survey Design and Analysis Services Pty Ltd, Lyneham, ACT, Australia).

Cell lines and silencing of CDCP1 expression
--------------------------------------------

The HGSC cell line OV90 (ATCC, Manassas, VA, USA) was grown in a 1 : 1 ratio of MCDB 105 and M199 media (Sigma-Aldrich) with 15% (v/v) fetal calf serum (FCS; Gibco, Life Technologies, Mulgrave, VIC, Australia). The ovarian cancer cell lines SKOV3 and HEY (ATCC) were grown in RPMI media containing 10% (v/v) FCS. All cell lines were cultured in the presence of penicillin (100 units per ml) and streptomycin (100 units per ml) at 37 °C in a humidified 5% CO~2~ atmosphere. SKOV3 cells stably expressing luciferase were generated as previously described ([@bib31]). Expression of CDCP1 was stably suppressed in OV90, HEY and SKOV3 cells as previously described ([@bib57]) using two pLKO.1 lentiviral shRNA knockdown constructs (target sequence for V1: GCTCATAAGAGCATCGGTTTA and target sequence for V2: GCATTGCAAACCGCTCATCTA; OpenBiosystems, Millennium Science, Surrey Hills, NSW, Australia) with a scramble shRNA construct (Addgene) as a control.

Western blot analysis
---------------------

Whole-cell lysates were collected using RIPA buffer (Sigma-Aldrich) with 1 × Complete protease inhibitor cocktail (Roche, Castle Hill, NSW, Australia), 2 mM sodium vanadate, and 10 mM sodium fluoride, and used in western blot analysis as described previously ([@bib31]) using mouse monoclonal anti-p53 antibody DO-7 (Sigma-Aldrich), rabbit anti-CDCP1 carboxyl terminal antibody \#4115, rabbit anti-phospho-Src-Tyr416 (p-Src-Y416) antibody \#2101, mouse anti-Src antibody \#2110 (Cell Signaling Technology) or a mouse monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (Merck Millipore, Kilsyth, VIC, Australia). All antibodies were used at a dilution of 1/2000, except the anti-GAPDH antibody that was used at a dilution of 1/10 000.

*In vitro* assays
-----------------

Assays assessing proliferation of adherent cells were performed as previously described ([@bib31]). For cell migration assays, cells (5 × 10^4^ per chamber) were seeded onto a polycarbonate nucleopore membrane in the top of a Transwell chamber (Corning, Sigma-Aldrich) in serum-free medium and allowed to migrate across the membrane to the bottom of the well over 48 h towards 10% FCS. The number of cells that migrated and attached to the bottom plate was quantified as described previously ([@bib31]). For assays examining growth of cells in suspension, cells (8 × 10^3^ per well) were plated into wells of 96-well ultra-low attachment plates (Corning, Sigma-Aldrich) in serum-free medium and cultured for 72 h. In assays assessing the impact of functional blockade of CDCP1, antibody 10D7 or control immunoglobulin (IgG; 50 *μ*g ml^−1^) was included in the plating media. Cell viability was measured using a Cell Titer Aqueous One kit (Promega, Alexandria, NSW, Australia) according to the instructions of the manufacturer. For western blot analysis comparing p-Src-Y416, Src and CDCP1 levels in adherent and non-adherent SKOV3 cells, lysates were prepared from cells grown in 10 cm dishes.

Cell line xenografts in mice
----------------------------

Experiments using mice were approved by the University of Queensland Animal Ethics Committee, and conducted in accordance with the Australian code for the care and use of animals for scientific purposes 8th edition 2013. Luciferase-labelled SKOV3 cells (5 × 10^6^) stably transduced with shCDCP1 or Scramble lentiviral vectors were injected intraperitoneally into 6- to 8-week-old female NOD.Cg-*Prkdc*^*scid*^ *Il2rg*^*tm1Wjl*^*/*SzJ (NSG) mice (5 per group; The Jackson Laboratory, Bar Harbor, ME, USA). Tumour development was assessed weekly by monitoring luciferase signal using an IVIS bioluminescent imaging system (Perkin-Elmer, Glen Waverley, VIC, Australia) as described previously ([@bib31]). Animal health was monitored by daily observation and weekly assessment of weight. After 5 weeks, mice were killed and tumour burden assessed by counting the number of tumour nodules within the peritoneal cavity of each mouse. Recovered tumours were fixed in formalin, embedded in paraffin and sections stained with haematoxylin and eosin (H&E) and antibodies against WT1 (clone 6F-H2; Dako, North Sydney, NSW, Australia), CA125 (clone OC125; Roche), cytokeratin 7 (clone OV-TL 12/30; Dako), cytokeratin 20 (clone Ks20.8; Sigma-Aldrich) and p53 (clone DO-7) to evaluate tumour pathology.

Mouse PDX models
----------------

Fresh tissue was obtained from three patients undergoing surgery for suspected ovarian cancer. By analysis of a frozen section, two pathologists (SJW and JEA) identified regions of malignancy and dissected non-necrotic areas excess to diagnostic requirements for experimental use. Portions of tissue were fixed in formalin and embedded in paraffin. The remainder was mechanically disrupted in the absence of proteases and under sterile conditions passed through a size 50 stainless steel wire mesh (Sigma-Aldrich) ([@bib7]). After low speed centrifugation, the resulting pelleted cell aggregate was washed once in PBS, resuspended in PBS then injected intraperitoneally using a 23-gauge needle into four 6- to 8-week-old NSG mice (equivalent of 0.2 g per mouse of the pelleted cell aggregate). Injections into mice were performed within 2 h of tumour excision. Mice were examined weekly for intraperitoneal tumour growth. Animal health was monitored by daily observation and weekly assessment of weight. Moribund mice were killed and tumour nodules were recovered and portions processed as above for histological and immunohistochemical analysis or for further intraperitoneal xenografting in mice.

PDXs from each of the three patients were evaluated for CDCP1 expression level by immunohistochemistry as described above. Mice carrying the PDX with the highest CDCP1 expression were used to evaluate the anti-tumour effect of anti-CDCP1 antibody 10D7 ([@bib17]). Female 6- to 8-week-old NSG mice (*n*=8) were co-injected with cell slurry (0.2 g per mouse) from the dissociated PDX and either 10D7 or isotype matched control IgG (100 *μ*g per mouse) as previously described ([@bib17]). Intraperitoneal antibody treatments continued weekly at 25 mg kg^−1^ per mouse, a dose previously shown to inhibit CDCP1-mediated growth of a breast cancer cell line mouse xenograft using another anti-CDCP1 monoclonal antibody ([@bib38]). Animal health was monitored by daily observation and weekly assessment of weight. After 7 weeks of treatment, mice were killed and tumour nodules counted and weighed, and ascites volume was measured.

Statistical analysis of data from *in vitro* and mouse assays
-------------------------------------------------------------

*In vitro* experiments included three replicates and were performed three times. Data are displayed as mean and standard error of the mean. For *in vitro* and mouse experiments, statistical significance was assessed by Student\'s *t*-test using the Graphpad Prism software (GraphPad, La Jolla, CA, USA). For all statistical analyses, a *P-*value of \<0.05 was considered as significant.

Results
=======

Elevated CDCP1 expression in high-grade serous ovarian cancer
-------------------------------------------------------------

The CDCP1 protein expression was assessed by immunohistochemistry in HGSC cases, and as we have previously shown that CDCP1 is not expressed by normal ovary ([@bib31]), we also examined its presence in normal fallopian tube (*n*=8) and, for comparison, fallopian tubes from women with HGSC but no evidence of malignancy in the tube (*n*=4), and HGSC within the fallopian tubes of patients with synchronous ovarian HGSC (*n*=7). Of the 308 HGSC tumours examined, 292 were evaluable for CDCP1 expression, with cores of the remaining 16 cases lost during processing. No expression was observed in 67 cases (23%), while 225 (77%) showed CDCP1 positivity, with weak, moderate and strong expression noted in 133 (45.5%), 75 (25.7%) and 17 (5.8%) cases, respectively. Representative images of each level of CDCP1 expression are shown in [Figure 1A--D](#fig1){ref-type="fig"}. In each specimen positive for CDCP1, its expression was exclusive to malignant cells and predominantly located on the cell surface with some cytoplasmic staining also apparent. No CDCP1 staining above background was seen in the epithelium of the eight analysed normal fallopian tubes ([Figure 1E](#fig1){ref-type="fig"}). Interestingly, two of four women with HGSC with no evident fallopian tube involvement by HGSC had areas of the tube weakly to moderately positive for CDCP1 ([Figure 1F](#fig1){ref-type="fig"}). In contrast, extensive moderate to strong CDCP1 expression was seen in HGSC within involved fallopian tube of six of seven cases with epithelium of adjacent non-malignant fallopian tube negative ([Figure 1G](#fig1){ref-type="fig"}).

Kaplan--Meier analysis of the 292 cases evaluable for CDCP1 expression did not reveal any correlation between CDCP1 expression and disease-free survival or overall survival. Also, as summarised in [Supplementary Table 1](#sup1){ref-type="supplementary-material"} there was no correlation apparent between CDCP1 expression and tumour stage. In addition to these analyses of the complete 292 patient cohort, subset analyses were performed on 104 relapsed cases for which the site of recurrence was known, and on 126 cases for correlation with *TP53* mutation status. Although CDCP1 expression was not significantly correlated with any of the four sites of recurrence, a higher proportion of local (21 out of 24; 87.5%) and lymphatic (12 out of 14; 86%) recurrences were positive for this protein ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}) compared with the total cohort (225 out of 292; 77%). Similarly, although there was no statistically significant correlation between *TP53* mutation status and CDCP1 expression, a slightly larger proportion of *TP53* null (34 out of 42; 81%) mutation carriers were positive for CDCP1 ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}) compared with the total cohort (225 out of 292; 77%).

Silencing CDCP1 expression reduces *in vitro* migration and non-adherent growth, without impacting adherent growth, of serous ovarian cancer cell lines
-------------------------------------------------------------------------------------------------------------------------------------------------------

We selected the CDCP1 expressing cell lines OV90, HEY and SKOV3 to examine the function of this protein in ovarian cancer. OV90 cells exhibit morphological features and somatic loss of *TP53* mutation that are characteristic of HGSC ([@bib48]). HEY cells were generated from a peritoneal deposit of a papillary cystadenocarcinoma with morphology consistent with adenocarcinoma when xenografted in mice ([@bib11]). The SKOV3 line was generated from a mouse xenograft that was developed from ascites from a patient with ovarian adenocarcinoma ([@bib25]). Although used widely as an ovarian cancer model, the SKOV3 cell line has recently been proposed to be poorly suited as a model for HGSC ([@bib4]; [@bib19]; [@bib8]). In our hands, xenografts of this line grown intraperitoneally in mice display morphology consistent with HGSC pathology ([Figure 2A](#fig2){ref-type="fig"}). In addition, consistent with the near universal mutation of the *TP53* gene in HGSC patients ([@bib2]), immunohistochemical analysis of the SKOV3 cell mouse xenograft and western blot analysis of SKOV3 cell lysates demonstrated that this line, grown *in vivo* or *in vitro*, does not express the protein (p53) translated from the *TP53* gene ([Figure 2B](#fig2){ref-type="fig"}). Although WT1 staining, which characteristically shows diffuse strong nuclear positivity in 80--90% of HGSCs ([@bib3]; [@bib35]), was only weakly present in the cytoplasm of SKOV3 xenografts, immunohistochemistry for CA125 and cytokeratins 7 and 20 was consistent with HGSC pathology ([Figure 2C](#fig2){ref-type="fig"}). The strong staining observed for CA125 and cytokeratin 7 in the xenograft ([Figure 2C](#fig2){ref-type="fig"}) is consistent with patient data, which shows that ovarian cancers are almost always positive for these antigens ([@bib44]). A lack of cytokeratin 20 staining in the xenograft ([Figure 2C](#fig2){ref-type="fig"}) is consistent with data from HGSC patients, which show that all but a small number of cases do not express this antigen ([@bib10]).

As shown in [Figure 3A](#fig3){ref-type="fig"}, stable silencing using shRNA construct V1 reduced CDCP1 expression levels by 90% in SKOV3 and HEY cells and 70% in OV90 cells. OV90 cells predominantly express the 70-kDa CDCP1 fragment generated through proteolytic cleavage at arginine 368 or lysine 369 of the full-length 135 kDa protein ([@bib30]), whereas HEY and SKOV3 cells almost exclusively express 135 kDa CDCP1. To examine the role of CDCP1, we quantified the impact of its silencing on the proliferation and migration of these cells grown under adherent conditions, and growth under non-adherent conditions. As shown in [Figure 3B](#fig3){ref-type="fig"}, silencing of CDCP1 had no statistically significant impact on proliferation of OV90, HEY and SKOV3 cells over 4 days. In contrast, using a transwell migration assay we saw statistically significant impacts on the ability of these cells to migrate towards FCS as chemo-attractant over a 48-h period ([Figure 3C](#fig3){ref-type="fig"}). The number of migrated cells reduced by ∼60%, ∼68% and ∼75% for OV90, HEY and SKOV3 cells, respectively. In addition, silencing of CDCP1 reduced the non-adherent growth of OV90, HEY and SKOV3 cells after 72 h by ∼30%, 70% and 60%, respectively ([Figure 3D](#fig3){ref-type="fig"}). The observed effects of CDCP1 silencing on migration of adherent cells, and growth of non-adherent cells were also observed with a second shRNA construct, V2, against CDCP1 ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). These data suggest that CDCP1 is involved in ovarian cancer cell migration and non-adherent growth, which are processes crucial for dissemination of this malignancy ([@bib40]).

Silencing of CDCP1 reduces intraperitoneal tumour formation of SKOV3 cells in mice
----------------------------------------------------------------------------------

To examine whether targeting CDCP1 can reduce ovarian tumour burden *in vivo,* we evaluated the impact of silencing CDCP1 on the ability of SKOV3 cells to grow as intraperitoneal xenografts in mice. Mice were injected intraperitoneally with luciferase-labelled SKOV3-shCDCP1 or SKOV3-shScramble cells, and tumour formation was monitored weekly by bioluminescent imaging up to the time of killing of mice after 5 weeks. As shown in [Figure 4A](#fig4){ref-type="fig"}, bioluminescent imaging indicated that tumour burden in mice injected with SKOV3 cells silenced for CDCP1 (SKOV3-shCDCP1) was much lower than in mice that received control SKOV3-shScramble cells. At the time of killing the mice, tumour nodules were dispersed throughout the peritoneal cavity with quantitative analysis, indicating that there were ∼82% fewer SKOV3-shCDCP1 than control SKOV3-shScramble tumours ([Figure 4B](#fig4){ref-type="fig"}). To interrogate pathways that are mediated by CDCP1 in SKOV3 xenografts, we performed western blot analysis for activation of Src, a pathway previously shown by us and others to be important in transducing pro-cancer effects mediated by CDCP1 in *in vitro* systems ([@bib30]; [@bib45]; [@bib57]; [@bib9]; [@bib37]) and mouse models of melanoma ([@bib42]) and prostate cancer ([@bib13]). As shown in [Figure 4C](#fig4){ref-type="fig"}, CDCP1 levels that were observed in cultured SKOV3-shCDCP1 and -shScramble cells were maintained in xenograft tumours recovered from mice. Activation of Src was robust in SKOV3-shScramble tumours, but barely detectable in SKOV3-shCDCP1 tumours ([Figure 4C](#fig4){ref-type="fig"}). Consistent with these *in vivo* data, examination of p-SrcY416 levels in SKOV3-shCDCP1 and shScramble cells grown *in vitro* indicated that Src activation was unaffected by silencing of CDCP1 in SKOV3 cells under adherent conditions, but it was markedly reduced in SKOV3-shCDCP1 compared with SKOV3-shScramble cells under non-adherent conditions ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Together, these data indicate that CDCP1 is important in an *in vivo* model of ovarian cancer and that it is required for signalling via Src in tumours *in vivo*, and *in vitro* in cells under non-adherent growth conditions.

Antibody targeting of CDCP1 reduces *in vitro* migration and non-adherent, but not adherent growth, of ovarian cancer cell lines
--------------------------------------------------------------------------------------------------------------------------------

We next assessed the impact *in vitro*, on OV90, HEY and SKOV3 cells, of directly targeting CDCP1 using a function blocking monoclonal antibody, 10D7 ([@bib17]; [@bib13]; [@bib31]), examining its impact on cell growth under adherent and non-adherent conditions, and cell migration. The data obtained from *in vitro* assays were broadly consistent with results seen when CDCP1 was silenced ([Figure 3B--D](#fig3){ref-type="fig"}). As shown in [Figure 5A and B](#fig5){ref-type="fig"}, while 10D7 had no impact on adherent growth of the three cell lines, it reduced non-adherent growth of OV90, HEY and SKOV3 cells by ∼15%, ∼18% and ∼50%, respectively. In addition, treatments with 10D7 reduced migration of OV90, HEY and SKOV3 cells by ∼20%, ∼55% and ∼60%, respectively ([Figure 5C](#fig5){ref-type="fig"}).

Monoclonal antibody targeting of CDCP1 impedes HGSC PDX growth
--------------------------------------------------------------

To examine the impact of targeting CDCP1 *in vivo*, we established PDX models of HGSC with the intention of challenging the highest CDCP1 expressing xenograft with the function blocking monoclonal antibody 10D7. Compared with mouse xenograft models of ovarian cancer cell lines, PDX models more accurately recapitulate patient tumours in terms of response to chemotherapy, and histologic and molecular features ([@bib50]). As shown in [Figure 6A](#fig6){ref-type="fig"}, the three developed PDXs displayed the morphological features and CDCP1 expression level of the corresponding HGSC patient tumour. Relative to the staining intensities observed in the 292 HGSC cases analysed above, CDCP1 expression levels were moderate, strong and none for the tumour and PDX for patients 7, 28 and 36, respectively ([Figure 6A](#fig6){ref-type="fig"}). We selected the PDX with the highest expression of CDCP1 (PDX-28) to evaluate the impact of antibody 10D7 on HGSC. Mimicking disease in patients, tumours of PDX-28 were dispersed throughout the peritoneal cavity as nodules on uterus, spleen, liver and diaphragm ([Figure 6B](#fig6){ref-type="fig"}). Quantitative analysis indicated that 10D7 treatment reduced on average the total number of tumours by ∼45%, the weight of the largest tumour by ∼60% and the combined weight of tumours by 25% ([Figure 6C](#fig6){ref-type="fig"}). In addition, we noted that two mice from the control IgG group developed a small volume of ascites, which was not seen in any of the 10D7-treated group. Consistent with analysis of xenograft tumours silenced for CDCP1, there was a marked difference in signalling via Src in 10D7- *vs* IgG-treated PDX-28. As shown in [Figure 6D](#fig6){ref-type="fig"}, western blot analysis demonstrated that phosphorylation of Src-Y416 was consistently much lower in 10D7- *vs* IgG-treated tumours. Throughout the 7-week treatment period, no toxicity due to 10D7 treatment was observed as assessed by changes in mouse weight and general health relative to IgG-treated animals (data not shown). These data indicate that antibody targeting of CDCP1 is effective at inhibiting growth of an HGSC PDX that has high levels of CDCP1 expression and that this inhibition reduces signalling via Src.

Discussion
==========

Here, we demonstrate that the cell-surface protein CDCP1 has an important and targetable role in HGSC. CUB-domain containing protein 1 is expressed by 77% of 292 analysed HGSC cases and blockade of this protein, either via silencing or antibody-mediated functional inhibition, markedly reduces progression of HGSC in mouse models. We have previously shown that CDCP1 is not expressed by the normal ovary ([@bib31]), and our analysis in this study indicates that this protein is not expressed by normal fallopian tube. As our immunohistochemical analysis demonstrated that CDCP1 is predominantly located on the cell surface where it is accessible to therapeutic antibodies, these findings suggest that this protein will be able to be selectively targeted in the majority of HGSC patients without impacting on normal cells and structures.

Data from our *in vitro* and mouse models indicate that CDCP1 is functionally important in processes required for progression of HGSC, and that mechanistically its role in HGSC involves activation of Src. In terms of the processes required for progression of HGSC, our *in vitro* assays indicate that CDCP1 is involved in migration and non-adherent, but not adherent, growth of ovarian cancer cells. We observed that silencing of CDCP1 expression reduced *in vitro* migration of the three ovarian cancer lines OV90, HEY and SKOV3 by at least 60%, which was consistent with our previous reports, indicating that cell-surface CDCP1 is likely to be directly involved in migration *in vitro* of ovarian cancer cells ([@bib20]; [@bib1]). Our finding that CDCP1 is not involved in proliferation under adherent conditions of OV90, HEY and SKOV3 cells, is also consistent with studies of gastric cancer ([@bib55]) and ovarian clear cell carcinoma ([@bib31]) cell lines. As resistance to anoikis is a critical feature of highly aggressive ovarian cancer cells ([@bib12]), and is thought to be essential for peritoneal dissemination in patients ([@bib40]), we also explored the role of CDCP1 in the growth of non-adherent cells. Data for OV90, HEY and SKOV3 cells indicated that CDCP1 is important in resistance to anoikis, as its silencing and blockade using antibody 10D7 markedly reduced the viability of each of these lines under non-adherent conditions. Consistent with these *in vitro* data, results from our intraperitoneal model of ovarian cancer showed that silencing of CDCP1 reduced tumour formation of SKOV3 cells in mice by ∼82%.

Although immunohistochemical analysis demonstrated that CDCP1 expression is elevated in the majority of HGSC cases, we saw no correlation between increased CDCP1 levels in patient samples and clinical parameters, including disease-free and overall survival, tumour stage, site of recurrence or *TP53* mutation status. As correlation with clinical parameters can indicate that the biological function of a protein is required for disease progression, we used a clinically relevant mouse model to further examine whether CDCP1 is functionally important in HGSC. For this purpose, we developed three intraperitoneal PDX mouse models with histological and immunohistochemical analysis revealing that for each patient tumour, HGSC morphology and CDCP1 expression level were retained in the corresponding PDX. Employing the PDX with the highest CDCP1 expression, the function blocking anti-CDCP1 antibody 10D7 ([@bib17]; [@bib13]; [@bib31]) caused a significant reduction in HGSC tumour burden. Importantly, western blot analyses suggest that mechanistically the ability of CDCP1 to promote growth of non-adherent HGSC cells *in vitro*, and growth *in vivo* of cell line xenograft and PDX models of ovarian cancer, is mediated by activation of Src. This observation is consistent with very recent ([@bib41]) and earlier ([@bib45]; [@bib42]; [@bib57]; [@bib9]; [@bib13]; [@bib37]; [@bib31]) reports showing that CDCP1 has a key role in cancer by promoting activation of Src family kinases.

In this study, we employed the ovarian cancer cell line SKOV3 in both *in vitro* and mouse assays to evaluate the role of CDCP1 in HGSC. Interestingly, despite being used extensively as a model for ovarian cancer, and although the immuno-phenotype of SKOV3 cells most closely resembles the profile seen in HGSC patients ([@bib4]), it has recently been proposed that this line is poorly suited as a model for this malignancy ([@bib4]; [@bib19]; [@bib8]). Accordingly, in the current study we evaluated the extent to which the morphological features and biomarker expression profile of SKOV3 cells are characteristic of HGSC. We observed that mouse xenografts of SKOV3 cells display characteristic HGSC morphology and expression of the markers CA125, and cytokeratins 7 and 20 ([@bib10]; [@bib44]). In contrast, we noted that although the majority of HGSC patient tumours display nuclear expression of the marker WT1 ([@bib3]; [@bib35]), the SKOV3 cell xenograft only showed weak cytoplasmic staining for this antigen. However, further support that SKOV3 cells display HGSC characteristics came from our analysis of the expression of p53. The *TP53* gene that encodes this protein is mutated in nearly all HGSC patients ([@bib2]). By western blot and immunohistochemical analysis, we demonstrated that the SKOV3 cells used in our study do not express p53 *in vitro* or *in vivo*. Consistent with our findings, western blot analysis by another laboratory of SKOV3 cells, obtained from the National Cancer Institute Cell Repository, showed that this line does not express p53 ([@bib18]). Furthermore, the Catalogue of Somatic Mutations in Cancer (COSMIC) database ([@bib26]) indicates that SKOV3 cells carry a homozygous deletion in the *TP53* gene at cytosine 267. This causes a frameshift in the coding sequence that converts serine at position 90 to a proline, with truncation of the p53 protein after another 33 amino acids. Another recent report has evaluated the experimental utility of SKOV3 cells as a model for HGSC and noted *TP53* mutation and loss of p53 expression by this cell line ([@bib21]). On balance, our data indicate that SKOV3 cell xenografts in mice display features of HGSC, and are useful for assisting in evaluating the role of CDCP1 and other proteins in this malignancy. Also, similar to the proposal of [@bib21], our data indicate that selection of cell lines suitable for study of HGSC requires not only a consideration of genetic features, but also anatomic, immunohistological and clinical features.

In summary, our data demonstrate that the cell-surface receptor CDCP1 is expressed by the majority of HGSC tumours, but not by normal cells of the ovary and fallopian tube. We have also shown that CDCP1 is functionally important in this cancer, and its blockade reduces migration and non-adherent growth of ovarian cancer cell lines *in vitro*, and growth of both mouse xenografts of ovarian cancer cell lines and an HGSC PDX. These data indicate that therapeutic humanised antibodies against CDCP1 may be useful against HGSC tumours or such reagents may be useful for the targeted delivery of cytotoxic agents to this malignancy. Further work is required to define the molecular mechanisms beyond Src activation, by which CDCP1 promotes HGSC and the pathways that are impacted by the function inhibiting anti-CDCP1 antibody 10D7.
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![**Immunohistochemical analysis of CDCP1 in HGSC, and normal, benign and malignant fallopian tube.** (**A**) Negative staining of a primary HGSC tumour. (**B**) Weak staining of an HGSC appendiceal metastasis. (**C**) Moderate staining of a primary HGSC tumour. (**D**) Strong staining of an HGSC lymph-node metastasis. (**E**) Negative staining in normal fallopian tube. (**F**) Weak to moderate CDCP1 expression in the benign fallopian tube epithelium of a patient with HGSC in the ovary. (**G**) Moderate to strong CDCP1 expression in a fallopian tube showing HGSC involvement. Staining was apparent in the tumour (T) and absent in the adjacent non-malignant fallopian tube (N). Magnifications: (**A**--**D**) are × 40 with insets × 10; (**E**--**G**) are × 40 with insets × 20. Scale bar is 50 *μ*m.](bjc2015471f1){#fig1}

![**SKOV3 cells display HGSC features when xenografted intraperitoneally in mice and grown *in vitro*.** (**A**) H&E staining showing histology representative of a SKOV3 cell xenograft. (**B**) Anti-p53 immunohistochemical analysis of a SKOV3 cell xenograft showing the absence of staining within tumour cells (left). Western blot analysis of OVCAR3 and SKOV3 cell lysates for p53 (right). OVCAR3 cells carry missense-mutated *TP53* that encodes p53-R248W. (**C**) Representative images of immunohistochemical staining of a SKOV3 cell xenograft for WT1, CA125, cytokeratin 7 and cytokeratin 20. Magnification, × 40. Scale bar is 50 *μ*m.](bjc2015471f2){#fig2}

![**Silencing of CDCP1 reduces migration and non-adherent growth but not proliferation of ovarian cancer cell lines *in vitro*.** (**A**) Anti-CDCP1 and -GAPDH western blot analysis of OV90, HEY and SKOV3 lysates of cells stably transduced with lentivirus carrying the CDCP1 targeting sequence V1 or scramble control shRNA. Densitometric analysis of the CDCP1 signal, determined from three independent western blot analyses, is shown at the bottom of the panel. (**B**) Adherent cell growth. Cells (2000 per well) were seeded and at the indicated time points absorbance was read at 490 nm. Absorbance was measured each day for 4 days. (**C**) Comparison of migration of OV90, HEY and SKOV3 cells stably transduced with a scramble control or a CDCP1 shRNA. Cells (50000 per well) seeded in serum-free media migrated towards a 10% FCS gradient. (**D**) Non-adherent cell growth. Cells (8000 per well) were seeded in serum-free media in wells of an ultra-low attachment plate and after 72 h cell viability was assessed. \*\*\**P*\<0.001. Data points represent mean and standard error of the mean from three independent experiments, each with triplicate wells for each time point.](bjc2015471f3){#fig3}

![**Silencing of CDCP1 reduces intraperitoneal tumour formation of SKOV3 cells in mice.** Female NSG mice were injected with SKOV3-shScramble (*n*=5) or SKOV3-shCDCP1 (*n*=5) cells (5 × 10^6^). (**A**) *Left,* Bioluminescent images of mice after 5 weeks of tumour growth. *Right,* Graph of the bioluminescent signal (total flux; photons per seconds) obtained from each mouse. (**B**) *Left,* Representative images of the peritoneal cavity of mice at the time of killing at 5 weeks after injection of SKOV3-shScramble or SKOV3-shCDCP1 cells. Arrows indicate tumour nodules. *Right,* Graph of the number of peritoneal tumour nodules present in mice injected with either SKOV3-shScramble or SKOV3-shCDCP1 cells. Data represent mean and standard deviation of each group. (**C**) Western blot analysis of lysates from three randomly selected SKOV3-shScramble and SKOV3-shCDCP1 xenograft tumours recovered from mice for CDCP1, p-Src-Y416 (pSrc), Src and GAPDH.](bjc2015471f4){#fig4}

![**Targeting CDCP1 with monoclonal antibody 10D7 reduces *in vitro* migration and non-adherent, but not adherent growth, of ovarian cancer cell lines.** (**A**) Adherent cell growth. Cells (2000 per well) were seeded in media containing antibody 10D7 or control IgG (50 *μ*g ml^−1^) and at the indicated times absorbance was read at 490 nm. Absorbance was measured each day for 4 days. (**B**) Non-adherent cell growth. Cells (8000 per well) were seeded in serum-free media containing 10D7 or control IgG (50 *μ*g ml^−1^) in wells of an ultra-low attachment plate and after 72 h cell viability was assessed. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001. (**C**) Comparison of migration of OV90, HEY and SKOV3 cells (50 000 per well) seeded in serum-free media containing antibody 10D7 or control IgG (50 *μ*g ml^−1^) migrated towards 10% FCS containing 10D7 or control IgG (50 *μ*g ml^−1^). Data points represent mean and standard error of the mean from three independent experiments, each with triplicate wells for each time point.](bjc2015471f5){#fig5}

![**Monoclonal antibody targeting of CDCP1 impedes HGSC PDX growth.** (**A**) H&E and anti-CDCP1 (brown) staining of three patient tumours and PDXs developed from these tumours. Magnification, × 40. CDCP1 is expressed by malignant cells, detected mainly in the membrane with cytosolic staining also apparent. Scale bar is 50 *μ*m. (**B**--**D**) Mice were injected with cell slurry from the PDX of patient 28 along with antibody 10D7 or isotype matched control IgG (100 *μ*g). 10D7 and IgG treatments continued weekly at 25 mg kg^−1^ per mouse (*n*=4 mice per treatment). (**B**) Representative images, at the time of killing of mice at week 7, of the peritoneal cavity of mice treated with IgG (left) or 10D7 (right). (**C**) Graphical representation of the total number of tumours (left), the weight of the largest tumour (middle) and the weight of all tumours combined (right) of groups of mice treated with IgG or 10D7. Data represent mean and standard deviation of each group. (**D**) Western blot analysis of lysates from four randomly selected IgG- and 10D7-treated PDX tumours recovered from mice. Lysates were examined for CDCP1, p-Src-Y416 (pSrc), Src and GAPDH.](bjc2015471f6){#fig6}
